The aim of this study was to assess the metabolic fate of AA (endogenous or export protein synthesis, gluconeogenesis, or oxidation) after an imbalanced supply of energy and N in the diet of growing lambs. Eighteen INRA 401 lambs (3 mo old, 29.7 ± 0.45 kg of BW) were fed 3 experimental diets, one providing a N and energy supply according to recommended allowances (control), one with 23% less N supply relative to energy (LN), and one with 19% less ME supply relative to N (LE). Animals were assigned to 6 blocks of 3, with each animal receiving 1 of the 3 diets, and the animals from each block were slaughtered on the same day. Liver slices from these lambs were incubated in a minimum salt medium (Krebs-Henseleit) containing physiological concentrations of propionate and AA as energy and N sources, similarly across all 3 treatments. Protein synthesis (endogenous and export) using [U- The AA were also directed toward anabolic purposes in the LN diet via an increased endogenous and total export protein synthesis (+51%, LN vs. control, P = 0.01; also observed for fibrinogen synthesis, but not for albumin or transferrin) associated with a tendency for increased gluconeogenesis from alanine (+58%, LN vs. LE, P = 0.08). On the other hand, the LE diet resulted in a marked loss of N in urine (+24%, LE vs. control, P < 0.05), but no notable effect of the LE diet was demonstrated for protein synthesis or gluconeogenesis ex vivo. These data demonstrate a more efficient utilization of AA for anabolic purposes in the lambs fed LN, probably via an activation of some AA transport systems, to address the shortage of nitrogenous nutrients in the LN diet. By contrast, no such adaptation occurred in the LE lambs, probably because the regulatory mechanisms that prevailed in this case were the nutrient supply or hormones, which were not altered in our ex vivo experimental model.
INTRODUCTION
The liver is a major organ involved in AA metabolism in the body. The hepatic extraction rate of total AA represents an average of 45% of AA net portal appearance (Lapierre et al., 2005) and thus affects the efficiency of AA utilization for muscle growth in meatproducing animals. This AA extraction rate in the liver depends on nutritional factors (Lapierre et al., 2000) and physiological state (Reynolds, 2006) and is a result of the activity of the metabolic pathways using AA in the liver.
The net hepatic uptake of AA is known to be responsive to dietary intake and the net portal appearance of AA (Reynolds, 2006) . Recent data showed that when lambs were fed a N-imbalanced (LN) or an energy-im-balanced (LE) diet, the net hepatic uptake of essential AA was decreased in LN and LE relative to a control diet balanced for N and energy . This was due to a decreased export protein synthesis in the LE diet , whereas the regulation of other pathways (presumably oxidation) was involved in the LN diet. Consequently, we hypothesized that interactions between the N and energy supply in the diet could affect the net hepatic AA uptake via differential regulation of specific metabolic pathways utilizing AA.
These results raise several questions concerning 1) the pathways involved in the decreased net essential AA hepatic balance in LN and LE diets, and particularly gluconeogenesis, which was not measured in vivo, and 2) the regulatory mechanisms explaining the adaptation of the pathways. To address these issues, liver slices from lambs fed the control, LN, and LE diets were incubated ex vivo to measure protein synthesis and gluconeogenesis. The nutrients present in the incubation medium were at physiological concentrations and no hormones were added, to reveal the hepatic long-term adaptive mechanisms potentially activated by the diets without any variation of other regulatory factors (e.g., hormones, nutrients). To our knowledge, this is the first time that hepatic protein synthesis and gluconeogenesis have been studied simultaneously ex vivo using physiological concentrations of nutrients.
MATERIALS AND METHODS
The experiment complied with national legislation on animal care (Certificate of Authorization to Experiment on Living Animals, No. 63-113, Ministry of Agriculture, France).
Experimental Animals
A total of 18 male INRA 401 lambs (3 mo old; 29.7 ± 0.45 kg of BW) were used. Each animal was assigned to a block of 3 (blocked by initial BW, less than 1 kg of difference between animals). Within a block, each animal was randomly assigned to 1 of the 3 experimental diets. The animals from the same block were pairfed to the lightest lamb according to metabolic BW (BW
0.75
). The animals in a block were killed on the same day. Six blocks of 3 animals were used. The 3 diets were composed of 30% hay (from natural grassland, first growth, early cut) and 70% concentrate (Table 1) , differing only in concentrate composition and total DM allowances ( Table 1 ). The chemical composition of the concentrates was modified by altering the amount of corn or its components (corn gluten meal and starch; Table 1 ). The control diet was designed to comply with the INRA recommended allowances for protein digestible in the intestine and ME for a theoretical growth rate of 150 g/d (Jarrige, 1989;  Table 1 ). The LN diet (Table 1) had 23% less CP content than the control diet but had a similar ME content. Dry matter allowances were similar between the control and LN diets. The LE diet had a greater CP concentration but a similar ME relative to the control diet. The LE diet allowed 19% less ME intake than the control diet through reduced DM allowances (Table 1 and 2) . Each treatment period lasted 3 wk. The daily feed allowances were adjusted at the beginning of each treatment on the basis of the initial BW 0.75 and were dispensed in 8 equal meals at 3-h intervals. Over the last 6 d of each treatment period, the whole-body N balance was determined by urine and feces collection, and samples were analyzed for DM and Kjeldahl N.
On the day before slaughter, 10 mL of jugular vein blood was withdrawn (into Vacutainers, Terumo, Leuven, Belgium) from the 3 lambs of the same block, 1 h after the last meal. Subsequent analyses were performed on blood or plasma using heparin (5 IU/mL of blood) or 3 mM EDTA-K (10 µL/mL of blood) as anticoagulants. Amino acid content in heparinized plasma was determined using the isotope dilution technique (Calder et al., 1999) . Triglycerides were determined colorimetrically (Fossati and Prencipe, 1982) . Phospholipids were measured by Trinder reaction after hydrolysis by phospholipase D (Takayama et al. 1977) . Free cholesterol and total cholesterol were measured using the cholesterol oxidase method (Richmond, 1973) , and esterified cholesterol was calculated as described by Leplaix-Charlat et al. (1996) . The NEFA were determined with the NEFA C Wako enzymatic kit (Unipath SA, Dardilly, France). Triglycerides, phospholipids, free cholesterol, total cholesterol, esterified cholesterol, and NEFA were assayed in plasma collected with EDTA-K as an anticoagulant. Glucose (Trinder, 1969) , 3-hydroxybutyrate (Williamson and Mellanby, 1974) , acetate (Enzyplus acetic acid, Biocontrol system, Lyon, France), and lactate (Gutmann and Wahlefeld, 1974) were measured on heparinized blood deproteinized with perchloric acid (0.4 M). Urea (Kit Sobioda according to the Berthelot method) was measured on EDTA-K blood after deproteinization with trichloroacetic acid (0.56 M). Total protein (Lowry et al., 1951) and albumin concentration were determined in plasma using a commercial kit (Sodioba, Montbonnot-Saint-Martin, France; Doumas et al., 1971) . Last, insulin and glucagon concentrations in plasma treated with trasylol (300 IU/ mL, Bayer Healthcare AG, Leverkusen, Germany) as an antiprotease were assayed by RIA (MP Biomedicals, Illkirch, France). Intra-and interassay CV for insulin was 8.2 and 8.8%, respectively, and minimum detectable dose was 168 pg/mL. Intra-and interassay CV for glucagon was 12.3 and 12.4%, respectively.
Tissue Preparation and Liver Slice Incubation
The animals were fasted 2 h before slaughter. Livers were removed within 5 min after slaughter and placed in ice-cold saline water (9 g of NaCl/L). Liver tissues were then cut using a scalpel, after removing the Gil-man capsule, to obtain slices as thin as possible (<1 mm, see-through). A quantity of approximately 200 mg of fresh liver slices was placed in a 10-mL flask fitted with an airtight rubber cap. The medium used for incubation was Krebs-Henseleit (KH) buffer (120 mM NaCl, 25 mM NaHCO 3 , 2.9 mM KCl, 2.5 mM CaCl 2 , 1.2 mM MgSO 4 , 1.2 mM KHPO 4 , pH 7.4) supplemented with 5 mM Hepes, and 1 g/L of BSA (99% fatty acid free; Dardevet et al., 1996) containing physiological concentrations of propionate and AA as the main sources of energy and N. Free AA concentration in the incubation medium was based on in vivo AA concentrations in ovine portal venous blood from the animals fed the imbalanced N diet (Kraft et al., 2008; in µM, alanine 200 , asparagine 50, aspartic acid 20, cysteine 10, cystine 75, glutamic acid 120, glutamine 30, glycine 500, histidine 100, isoleucine 100, leucine 150, lysine 125, methionine 20, phenylalanine 75, proline 100, serine 100, threonine 150, tryptophan 20, tyrosine 150, valine 200, final concentration). Similarly, propionate was added to the incubation medium (200 µM, final concentration) based on in vivo portal blood concentrations in the same animals (Kraft et al., 2008) Liver slices were first preincubated for 1 h in KH saturated with a 95% O 2 :5% CO 2 gas mixture. They were then transferred into fresh KH containing radiolabeled substrates {[U- Other liver slices were also incubated in nonlabeled KH on the same day and in similar conditions to determine protein and DNA content. Incubations with each radiolabeled substrate were carried out in triplicate for 2 or 4 h at 38°C under continuous agitation, and oxygenation was renewed hourly during incubation.
We performed preliminary experiments to assess the viability of our incubation system because only a small number of studies had previously used physiological concentrations of nutrients in an incubation medium (Luo et al., 1995; Mutsvangwa et al., 1997) . The mea- Vitamin and mineral premix (Agro-Base Bourg-en-Bresse, France) supplied 22% Ca, 7.3% Na, 1% Mg, 0.99% S, 0.35% Fe, 0.35% Zn, 0.31% Mn, 0.0124% I, 0.004% Co, 0.0012% Se, and 650,000 IU/kg of retinol, 100,000 IU/kg of cholecalciferol, 3,000 IU/kg of tocopherol, 0.08% thiamine, 0.02% riboflavin, 0.007% pyridoxine, 0.00006% cobalamine, 0.1% niacin, 0.0075% menadione, and 0.0032% folates.
surements of protein synthesis and CO 2 production from propionate using our KH medium increased linearly after 0.5, 1, 2, 3, and 4 h of incubation (data not shown). In addition, the stability of glucose-6-phosphate dehydrogenase (EC 1.1.1.49) activity in the liver slices was assessed. A 20% decrease in the activity of the enzyme was observed after slicing, but the values then remained stable throughout the 4-h incubation (data not shown). This indicated that our incubation conditions were appropriate for the measurement of the various metabolic pathways in the liver slices up to 4 h in the same medium.
Measurement of Total Hepatic Protein Synthesis After Incubation with [U-

C]Valine
The incubation medium was supplemented with a flooding dose of [U-14 C]valine (2 mM final concentration, 8 kBq/µmol) as described previously (Ricca et al., 1978) . After 2 h of incubation, the liver slices were removed and rinsed. Slices and media were immediately frozen (−80°C) and stored until analysis. Liver slices were homogenized using a Dounce homogenizer (Dutscher, Brumath, France) in 2 mL of 25 mM TrisHCl (pH 8), 50 mM NaCl buffer. Proteins from the homogenates or in the incubation medium were precipitated with 10% trichloroacetic acid (Dardevet et al., 1996) . Trichloroacetic acid-insoluble material was washed 3 times with 5% trichloroacetic acid and the pellet was solubilized in 1 M NaOH for 1 h at 37°C. The extract was neutralized with 1 M HCl and the radioactivity was incorporated into hepatic proteins, and proteins released in the medium was counted by scintillation (TriCarb 2100 TR, Packard BioScience, Groningen, the Netherlands). The protein content in the neutralized NaOH extract was also determined (Lowry et al., 1951) .
Measurement of Specific Hepatic Exported Proteins After Incubation with [
35
S]Methionine
The KH medium was supplemented with a flooding dose of [ On the day of analysis, the media were prepared for SDS PAGE separation (10% acrylamide; Laemmli, 1970) as described previously by Gruffat-Mouty et al. (1999) . Briefly, 450 µL of medium was reduced by β-mercaptoethanol and loaded on the gel. After migration and staining with Coomassie blue, specific strips corresponding to albumin, fibrinogen, and transferrin were carefully cut out from the gel and solubilized in 1 mL of H 2 O 2 30% at 70°C for 2 h. The radioactivity incorporated in each band was determined by scintillation counting after addition of Ready Safe (VWR, Fontenay-sous-bois, France) scintillation cocktail.
Migration of standards (purified albumin, transferring, and fibrinogen; Sigma, Lyon, France) was used to ensure correct identification of the albumin, transferrin, Table 2 . Body weight, ADG, intake, digestibility, and N balance of growing lambs fed the control, N-imbalanced (LN), and energy-imbalanced (LE) diets and fibrinogen strips. The composition of the cut-out strips was also checked by matrix-assisted laser desorption/ionization-time of flight mass spectrometry (Morzel et al., 2004) .
Measurement of Oxidation and Gluconeogenesis from Propionate and Alanine
The medium was supplemented with either [1-14 C] propionate (200 mM, 140 kBq/µmol in the medium) or with [U-
14 C]alanine (200 mM 280 kq/µmol in the medium). Gluconeogenesis and oxidation were measured simultaneously. For oxidation measurement, the rubber flask caps were fitted with plastic center wells filled with 400 µL of hyamine hydroxide to trap radiolabeled CO 2 during the last hour of incubation, and the radioactivity was counted by scintillation (TriCarb 2100 TR, Packard BioScience). For gluconeogenesis measurement, the incubation time was 2 h when propionate was the substrate and 4 h when alanine was the substrate to allow incorporation of the tracer into glucose. At the end of the incubation times, liver slices were rinsed and immediately frozen and stored (−80°C).
Slices were homogenized with their respective incubating medium using a Dounce homogenizer, and the internal standard [1-3 H]glucose (Sigma, Steinheim, Germany) was added to each homogenate (8 kBq per flask) as described previously (Overton et al., 1999) . The homogenate (2.2 mL) was deproteinized by adding 220 µL of 0.4 M perchloric acid and centrifuged at 2,000 × g for 20 min at 4°C. The supernatant was neutralized with 3.2 M K 2 CO 3 to pH 6 to 7. The neutralized supernatant was again centrifuged at 2,000 × g for 10 min at 4°C. Glucose in the supernatant was isolated according to Mills et al. (1981) . Briefly, a column filled with 1.5 mL of Dowex AG1-X8 (100 to 200 mesh, acetate form; Bio-Rad, Hercules, CA) was fitted above a column filled with 1 mL of Dowex AG50W-X8 (100 to 200 mesh, hydrogen form; Bio-Rad). The 2 mL of neutralized supernatant was poured onto the first column and eluted with 2 mL of water. The fraction recovered at the bottom of the second column was counted for both 14 C and 3 H in a scintillation vial containing an adequate amount of liquid scintillation cocktail. The recovery rate of the internal standard [1-3 H]glucose was 88% ± 4.5%. The final rate of glucose recovery was also corrected for incomplete trapping of [1-
14 C]propionate and [U-
14 C]alanine on the column (tested on separate samples), which was <0.5% of radiolabeled alanine or propionate added to the columns (data not shown).
DNA, RNA, and Protein Content Measurements
On the day of slaughter, the liver was cut up and frozen at −80°C for subsequent analysis of RNA, protein, and DNA. The measurement of total RNA and protein concentrations allowed the calculation of the protein synthesis capacity (RNA:protein; Savary et al., 1998).
After incubation, the slices incubated with unlabeled KH medium were removed and rinsed with 200 µL of fresh medium, and the slices and media were immediately frozen (−80°C) and stored until analysis. Measurement of DNA and protein after homogenization allowed the calculation of DNA:protein before and after the incubation. This DNA:protein ratio is an index of survival of the slices in our experimental conditions (Donkin and Armentano, 1993) . The DNA measured in liver slices was also used to state the results, as explained below.
Calculations
The rate of tracer incorporation in products (proteins, glucose, or CO 2 ) was expressed as nanomoles per milligram of DNA per hour, using the following equation:
where DPM is the amount of radioactivity found in the product (disintegrations per minute, dpm), T is the incubation time (h), W is the weight of the liver slice (mg), and SA is the specific activity of the tracer in the incubation medium (i.e., precursor pool; dpm/nmol of tracer) and DNA content is the DNA content in the incubated slices (mg of DNA/mg of liver slice).
Statistical Analysis
Triplicate values obtained for each tracer utilized and each animal were averaged before statistical analysis. The rates of incorporation of tracers into the products underwent ANOVA using the GLM of Statistica (StatSoft France, Paris, France), where the effects of treatments (the diets) and blocks were tested. If statistical significance was detected, a Duncan post hoc analysis was performed to assess differences between individual means. Differences were declared significant at P < 0.05, and tendencies were declared for 0.05 < P < 0.10 for all statistical tests.
RESULTS
Growth, Intake, and N Balance
The overall very small residual variability observed for DM, ME, and N intake (and the very significant block effect) can be easily explained by the pair feeding used within each block of lambs. The BW of the lambs was not significantly different among the animals fed the 3 diets (P = 0.20), but a significant block effect (P < 0.001) was observed because the animals were matched within each block according to their initial BW.
As expected, N intake was reduced (−23%, P < 0.001, compared with the control) for the LN diet, whereas the ME intake was reduced for the LE diet (−19%, P < 0.001, compared with the control). The ratio of digested N:ME intake was 1.08, 0.70, and 1.42 g of N/ MJ for the control, LN, and LE diets, respectively. This yielded ADG that were 40% (P = 0.04) and 56% (P = 0.01) less for the LN and LE diets compared with the control diet, respectively. Retained N in the whole body confirmed the data obtained for ADG, 27 and 22% (P = 0.05) decreases in N retention for the LN and LE diets compared with the control diet. The decreased N retention observed for the LE diet was due to a markedly reduced efficiency of digested N utilization associated with an increased loss of N in the urine compared with the control diet (+30%, P = 0.001). Conversely, the decreased N retention observed for the LN diet was due to a decreased N intake, whereas the N loss in the urine was less for the LN diet compared with the control diet (−43%, P < 0.001). This metabolic adaptation with the LN diet results in an unchanged efficiency of N utilization (50.6 and 45.1% of digested N for the LN and control diet, respectively).
Metabolite Concentrations in Blood and Plasma
Plasma concentrations of free AA are shown in Table  3 . A decreased leucine concentration (−12%; P = 0.02) and a greater glycine concentration (+25%, P = 0.04) were observed in the LN diet compared with the control diet. The isoleucine concentration was also increased for the LN compared with the LE diet (+10%, P = 0.05). Blood urea concentration was also decreased for the LN diet (−60%, P = 0.004, compared with the control) and increased for the LE diet (+64%, P = 0.003, compared with the control). This fits the data obtained for urea-N content in urine. Total plasma proteins were similar in all the diets, but albumin concentration was slightly greater for the LE diet than the LN diet (+7.6%, P = 0.02).
Concerning the other metabolites, no modification of lipid concentration occurred, except for a greater NEFA concentration in the LE diet compared with the other 2 diets (+35%, P = 0.04, compared with the control), and glucose concentration was decreased for the LE diet (−8%, P = 0.01) compared with the control. These findings suggest a mobilization of lipids in the body of the LE-fed animals. Insulin and glucagon concentrations were not altered by the diets.
Incubation of Liver Slices
The protein:DNA ratios of the slices are shown in Table 4 . This variable is considered an indicator for isolated hepatocyte survival (Donkin and Armentano, 1993) . The ratio was unaffected by the diets at slaughter or at 4 h of incubation (Table 4 ; P = 0.79 for the diet effect at slaughter, and P = 0.30 after 4 h of incubation). More important, the protein:DNA ratio also remained stable between slaughter and 4 h of incubation (P = 0.15).
Incorporation of Labeled AA into Endogenous and Exported Hepatic Proteins
Rates of total, endogenous, and exported protein synthesis using [U-14 C]valine are presented in Table 5 . The LN diet induced an increased incorporation into total proteins because of an increased synthesis of endogenous and exported proteins (+51%, P = 0.01 for endogenous; +46%, P = 0.01 for exported proteins, for the LN diet compared with the control diet). Conversely, no effect of the LE diet compared with the control diet was observed for incorporation of [U-14 C] valine into proteins (P = 0.54 for endogenous, and P = 0.66 for exported proteins). The capacity for protein synthesis (total RNA:protein ratio) was not modified by the diets (P = 0.22).
The synthesis of individual proteins was measured by the incorporation of [ C]propionate into glucose was not modified by the diets (P = 0.76), but its oxidation was increased by both the LN (+50%, P = 0.04) and the LE diets (+45%, P = 0.05) compared with the control diet (Table 6 ). Incorporation of [U-14 C]alanine into glucose was greater in the LN diet than in the LE diet (+138%, P = 0.04) and was numerically, but not significantly, increased compared with the control diet (+60%, P = 0.13). Incorporation of labeled carbons from [U-14 C]alanine into CO 2 was not modified by any of the 3 diets, but increased numerically for the LN diet compared with the control diet (+55%).
DISCUSSION
A similar efficiency for the utilization of digested N was observed between the LN and control diets, whereas this efficiency was less for the LE diet. Given the importance of the liver in AA utilization and ureagenesis, it is most probably involved in the variations in the efficiency of N utilization in this study. Decreased growth and protein net retention in the LN and LE diets were also observed, similar to what was previously shown after a reduction of the amount of intake or energy intake (Calloway, 1975; Lapierre et al., 1999; Kraft et al., 2008) . Concerning the impact of a decreased supply of N in the diet, either reduced N retention is observed (Bruckental et al., 1997, this study) or N retention is unaltered (Calloway, 1975; Castillo et al., 2001 ; Table 3 . Concentrations of plasma AA, blood urea, plasma proteins, energy nutrients in blood, and plasma hormones in growing lambs fed the control, N-imbalanced (LN), and energy-imbalanced (LE) diets a-c Within a row, means without a common superscript letter differ (P < 0.05).
1
Least squares means, n = 6 for the control, LN, and LE diets. Least squares means, n = 5 for the control, LN, and LE diets at slaughter; n = 3 for the control, LN, and LE diets after 4 h of incubation.
2
Averaged across diets, mean values at slaughter (22.8 mg of protein/µg of DNA) and after 4 h of incubation (23.8 mg of protein/µg of DNA) did not differ (n = 3, SEM = 0.71, P = 0.15). Kraft et al., 2007) , but the efficiency of utilization of N is increased or at least maintained (as shown in our study).
The Incubated Liver Slices: Methodological Aspects
The medium used for the incubation of the liver slices in this experiment was made of salts, albumin, and physiological concentrations of AA and propionate. No hormones were added to the medium. This absence of hormones and the decreased concentrations of nutrients in the incubation medium aimed to avoid any direct stimulation of the metabolic pathways measured. This approach is novel because the vast majority of studies using liver slices or hepatocytes have used supraphysiological concentrations of nutrients (Birchenall-Sparks et al., 1985; Pocius and Herbein, 1986; Mutsvangwa et al., 1996; Overton et al., 1999) . Because the concentrations of nutrients used in our experiment are less than those reported in the literature, the viability of the liver slices during the incubation period needed to be checked. The protein:DNA ratio (a criterion of viability of the cells; Donkin and Armentano, 1993 ) remained stable after 4 h of incubation. Furthermore, when expressed as a fractional synthesis rate (FSR, %/d) assuming that valine protein content in the sheep liver was equal to 520 nmol of valine/mg of protein (MacRae et al., 1993) , the protein synthesis, measured by incorporation of [U- , 1985) . Last, gluconeogenesis was less in our study compared with values usually found in vitro (Donkin and Armentano, 1993) . This can be explained by the use of supraphysiological concentrations of the gluconeogenic precursors (up to 100 times greater; Overton et al., 1999) or enriched media (Donkin and Armentano, 1993) , which directly stimulate these metabolic pathways.
Protein Synthesis
Endogenous and exported protein synthesis was similar between the control and LE diets but was significantly greater for the LN diet. Similar to our results, Table 5 . Total, endogenous, exported, and individual protein (albumin, fibrinogen, transferrin) Within a row, means without a common superscript letter differ (P < 0.05).
1
Least squares means, n = 6 for the control, LN, and LE diets. Within a row, means without a common superscript letter differ (P < 0.05). Incubation of liver slices for 2 h. Incubation of liver slices for 4 h. Kraft et al. protein synthesis was increased in isolated hepatocytes of restricted rats compared with animals fed for ad libitum intake (Birchenall-Sparks et al., 1985) . These data diverge from those found in other studies because protein synthesis in the liver has been shown to be increased with intake or after an AA infusion (in vivo: Mosoni et al., 1996; Connell et al., 1997; in perfused livers: Flaim et al., 1982; or in hepatocytes: Hutson et al., 1987) . Export protein synthesis in vivo is generally increased when intake or N supply is increased in the diet (De Feo et al., 1992; Cayol et al., 1996; Connell et al., 1997; Caso et al., 2007) . It has also been shown to be unresponsive to a mild increase in protein supply in the diet (Raggio et al., 2007; Savary-Auzeloux et al., 2007) . Yet, to our knowledge, no in vivo study has found an increased export protein synthesis when the N supply was decreased. This difference in the response between the ex vivo and in vivo data can be explained by the homogeneity of the media used for the liver slices. In this study ex vivo, the liver slices were not subject to variations in metabolite supply and hormones because the composition of the medium was fixed and similar for all the liver slices. By contrast, the concentrations of metabolites and hormones are known to depend on the nutritional status in vivo (Wester et al., 1995) . The increased protein synthesis observed ex vivo in the LN slices was thus due to a long-term, persistent adaptation of the hepatic metabolism to the LN diet and did not depend on any short-term response to nutrients or hormones. This increased protein synthetic rate demonstrates an increased efficiency for the utilization of AA for protein synthesis in LN-fed animals. This effect was not explained by an increased capacity for protein synthesis (i.e., an increased number of ribosomes relative to proteins). Consequently, 2 hypotheses remain possible: an increased entry rate of AA in the cell via an activation of AA transport systems (Fafournoux et al., 1982 (Fafournoux et al., , 1990 , or an increased efficiency for protein synthesis via an activation of translation events (Kimball et al., 1991; Anthony et al., 2001a,b) . The first interpretation is highly probable because Fehlmann et al. (1979) showed that fasting can stimulate a high-affinity AA transport system in rat hepatocytes. The SNAT2 mRNA has been shown to be upregulated, showing that AA transport system A can be stimulated during AA deficiency (Gazzola et al., 1981; Gaccioli et al., 2006; Jones et al., 2006) .
For the LE diet, protein synthesis was not modified ex vivo compared with the control diet. In vivo, an increased intake is known to increase export protein synthesis in ruminants (Connell et al., 1997) , and recent results we obtained on animals fed a similar LE diet showed a decrease in export protein synthesis compared with animals fed a control diet . The decreased supply of energy metabolites or hormones (insulin) in the portal vein of the LE-fed animals may explain the decreased export protein synthesis observed in vivo but not ex vivo. Insulin is a potential candidate because it is known to stimulate total hepatic protein synthesis in vivo (Ahlman et al., 2001; Tesseraud et al., 2007) and in vitro (Fulks et al., 1975; Jeejeebhoy et al., 1975) . Other metabolites or hormones not accounted for (such as glucagon) might also be involved in the regulation of in vivo export protein synthesis.
[ 35 S]Methionine incorporation into albumin and transferrin remained stable, whereas it increased in fibrinogen in liver slices from LN-fed animals (similar to what was previously shown for total proteins). The difference in the response of albumin and fibrinogen synthesis to various nutritional or hormonal stimuli has already been observed in vivo (De Feo and Lucidi, 2002) . The increased fibrinogen synthesis shown for the LN diet may result, as for total hepatic proteins, from a long-term adaptive mechanism. The hypothesis of an increased translational efficiency is less likely because its activation often leads to an overall, nonspecific increase in protein synthesis.
Gluconeogenesis and Oxidation of Propionate and Alanine
Propionate and alanine were chosen as the 2 gluconeogenic precursors in this study. Propionate was chosen because it is the main source of glucose production in the ruminant liver (60 to 90%; Danfaer et al., 1995) . Alanine was chosen because it is one of the most potent gluconeogenic AA, along with glutamine and glycine (Wolff and Bergman, 1972) .
The incorporation [1-
14
C]propionate into glucose was not altered in the liver slices from the lambs fed the LE and LN diets. Results consistent with ours were obtained by Velez and Donkin (2005) and Carlson et al. (2006) on liver explants from feed-restricted dairy cows. In those studies, the propionate present in the incubation medium remained constant. Leng and Annison (1963) and Demigné et al. (1991) showed in vitro, on sheep hepatocytes, that an increased concentration of propionate in the incubation medium led to an increased incorporation of propionate into glucose. Because the incubation media were similar for the control, LN, and LE liver slices, the absence of an effect observed in our experimental model is not surprising. Conversely, liver slices from LN-and LE-fed lambs presented an increased oxidation of [1-14 C]propionate compared with the control animals. An increased activity of the citric acid cycle (and CO 2 production), possibly connected to an increased oxidation of propionyl-CoA or its by-products (Faulkner and Pollock, 1986) , can be hypothesized for both the LN and LE diets. A large supply of energy may be necessary 1) to increase protein synthesis ex vivo in the LN slices, 2) to compensate for the marked shortage of energy nutrients in the liver of LE-fed lambs.
The utilization of alanine for gluconeogenesis was increased only in the LN diet. These results are consistent with data from Velez and Donkin (2005) , in which an increased incorporation of lactate into glucose (associated with increased pyruvate carboxylase mRNA) was observed in feed-restricted dairy cows. Gluconeogenesis from lactate is regulated by pyruvate carboxylase, similarly to alanine used in our study (Overton et al., 1999) . In vivo, when propionate availability or glucose demand is altered, the contribution of other gluconeogenic nutrients such as alanine is also altered (Mills et al., 1986; Danfaer et al., 1995; Mutsvangwa et al., 1997; Overton et al., 1999; Majdoub et al., 2003) . In this study, the activation of AA transport systems in the LN diet, such as was hypothesized for protein synthesis, may also have upregulated gluconeogenesis from alanine (and also oxidation of alanine, although this was not increased significantly) in a mass-action effect.
This model of liver slices taken from animals fed LN or LE diets and incubated ex vivo clearly demonstrates some metabolic adaptations of the liver usually impossible to display in vivo because of the complex environment in terms of metabolite or hormone supply and the competition between the tissues and organs for nutrient utilization. We showed that the liver of growing ruminants was able to increase its efficiency for AA utilization for anabolic purposes, and particularly for protein synthesis, after a decreased N supply in the diet. This increased efficiency, probably attributable to an activation of hepatic AA transport systems, may preserve AA (in this situation in AA shortage) from catabolism. By contrast, no such adaptive mechanisms act when the energy supply is decreased relative to N, with liver protein synthesis and gluconeogenesis being driven more by nutrient and hormone supply.
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